We investigated photoconductive gratings in resonant semiconductor layers acting as light-controlled polarizers of millimeter (MM) waves. We compared the effects of striplike, wire-like, and fin-like gratings excited by red light and IR radiation in Silicon wafers, respectively. The fin-like gratings are shown to be the preferred structures that can operate at limited light intensity. The light-sensitive shift of maxima of transmitted power and polarizing efficiency towards the lower frequency band is observed. The effect makes photoconductive gratings and similar patterns potentially suitable for the design of light-controlled frequencytuning and frequency-modulating components of resonant quasi-optical devices.
Introduction
Optical control of THz and MM-wave quasi-optical beams is a promising technique for ultra-fast modulation, steering, focusing, and other processing of electromagnetic radiation [1] [2] [3] [4] [5] . The technique presents numerous opportunities exploiting ultra-fast dynamics, variability, versatility, and the generic character of optical excitation [1] . The most common realization of the technique is the optical excitation of electron-hole plasma in photo-active semiconductors including uniform layers [1] , built-in and photo-excited structures [2] [3] [4] , and metamaterials [5] .
One of many benefits of this approach is the excitation of digitally controlled, optically reconfigurable, photoconductive patterns of diffractive elements in semiconductor wafers [1] [2] [3] . As an example, patterns of different kinds can easily be created by using commercially-available digital light processing projectors [3] . In this way, ignoring the limitations in the operation speed, a photo-induced polarizer with tunable polarization angle has been demonstrated, showing a 3 dB extinction ratio for THz waves at the frequency of 585 GHz.
Optical technology is particularly promising for the dynamic control of THz metamaterials [5] . In addition to electronic control [6] , metamaterials allow for the reduction of required optical power while preserving sufficiently high speed of operation. Some representative examples of
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this kind include light-sensitive split-ring meta-arrays [7] and optically controlled chiral metamaterials [8] . The latter, according to simulations, exhibit a giant tunable optical activity at various, practically achievable, photo-excitation intensities. This allows for the achievement of active THz polarization components like tunable polarizers and polarization filters.
Optical control can be used for enhancing functionality of specific devices. As an example, an ultra-fast phase inversion of quasi-optical centimeter-wave beams has been achieved with induced photoconductivity in Silicon [9] . An optically controlled reconfigurable antenna for 5G broadband cellular communication networks has been produced in [10] by inserting photosensitive semiconductor elements at the critical nodes of the wave radiating structure. By applying the concept of optically induced electromagnetic band gap materials, a reconfigurable 140-220 GHz waveguide filter using a mesa array structure has been proposed and simulated in [11] .
Despite the abundance of design possibilities, typical structures require, for their optimal performance, a very high level of excitation that corresponds to light power flux of P L 1 MW/cm 2 [1] [2] [3] [4] [5] . This is an extremely high power that can only be applied in a pulse mode at a low pulse repetition frequency, that makes many high-speed applications questionable.
We are interested, however, in the diffraction structures that can be operated at a moderate speed and limited optical power in order to achieve a reasonable trade-off between these two competing parameters. The simplest structures, which are suitable for our analysis, are gratings that can be used as the polarizers of electromagnetic waves. It is the gratings of this kind, which are created by the illumination of intermediate intensity, that are going to be investigated in this research.
A representative case of photo-excited gratings created on a GaAs surface for manipulation of THz waves has been investigated recently in [12] . The high-contrast pattern of photo-excited carriers presents a dynamical THz component (a polarizer) with reconfigurable functionality. When using more sophisticated patterns, one can produce, e.g., diffractive meta-surfaces with focusing capabilities [13] and other devices, which acquire their functionality under illumination.
Diffractive gratings in [12] also required high-power lasers for their excitation. Specifically, they were excited by femtosecond pulses having energy fluence in the range of Φ = 32−156 µJ/cm 2 . Should the light pulses of duration t P = 1 fs and characteristic fluence of Φ = 100 µJ/cm 2 have been used at the repetition frequency f REP = 10 GHz (the duty cycle of 0.001%), the total light power flux would be as high as P L = 1 MW/cm 2 . This is, clearly, much too high power flux for conventional applications, e.g., in telecommunications.
For comparison, the light of commercially available 100W LED arrays at 100% efficiency, when focused on an area of only A = 1 cm 2 , would create a power flux of P L = 0.1 kW/cm 2 , that looks more acceptable. Yet, this value is, approximately, a thousand times greater than the maximum Sun light power flux at the Earth surface.
The sensitivity of devices can be increased by the use of quasi-optical resonators [14, 15] . The structures in [14, 15] operate as beam switches for THz and MM waves at certain resonant frequencies. When using diffractive photo-excited patterns in a semiconductor layer, one would expand the functionality of these devices. The illumination necessary for the operation of the devices can be created by LED arrays rather than the high-power lasers.
An issue, though, arises about the resonant operation of these devices at various light intensities. The matter is that, unlike the GaAs layer in [12] , a semiconductor in this setting should behave as a resonator at any accepted level of illumination.
The basic model for the analysis of these effects is a semiconductor layer of resonant (half-wavelength) thickness with photo-excited (and partially diffused) gratings created either near the surface or deeper inside the wafer. The gratings can be considered as quasi-optical polarizers for MM waves.
The aim of this work is to investigate the effects of photoconductive gratings in a resonant semiconductor layer created by light of moderate intensity and operated as lightcontrolled polarizers for the MM-wave beams.
In general, laser-induced gratings and related phenomena have been investigated in various materials for many decades after the invention of lasers [16] [17] [18] . Typical issues of interest were various nonlinear effects, the high-speed dynamics, and the measurements of relaxation parameters of materials, mostly, semiconductors, which are observed under the strong illumination specific for those experiments [19] [20] [21] [22] [23] .
Unlike the former research, the primary goal of this work is the analysis of the interplay between the effects of transmission, reflection, scattering, and absorption of electromagnetic waves under the mildly resonant conditions in a semiconductor wafer with moderate periodic spatial variation of photoconductivity and, therefore, complex dielectric constant, respectively, which is supposed to be just sufficient for the emerging functionality of structures as the light-controlled polarizers of MM-wave beams.
Photo-Excited Gratings of Photoconductivity in a Semiconductor Slab
We consider the problem of MM wave propagation through a Silicon (Si) wafer of thickness d (0 < x < d) covered on the front side (x = 0) with a grating mask of black dielectric film having narrow air slots for the excitation of a periodic photoconductive grating inside the wafer (Fig. 1) . The mask is assumed to be opaque for both visible and infrared (IR) radiation but transparent for MM waves. Photoexcitation is produced by the LED array light source creating a uniform illumination of the front surface of the given structure. The propagation of MM waves through such a structure is then investigated (Figs. 2 -4) and polarization efficiency is evaluated (Figs. 5 -6) .
We compare the effects arising in (i) strip-like, (ii) wirelike, and (iii) fin-like photoconductive gratings as shown in Fig. 1 . The gratings are produced by photo-excitation of the Si wafer with (i, ii) red light (630 nm wavelength) and (iii) infrared (IR) radiation (1000 nm wavelength) assuming the wafer thickness d = 0.5 mm. A Si wafer at this thickness is resonant-transparent for MM waves at the frequency f = 90 GHz, which is one of the frequencies of interest in the W frequency band.
The other parameters are the electron-hole recombination length L = 0.02 mm (the electron-hole lifetime τ = 0.22µs), the grating period p = 0.3 mm, and the air slots in the grating mask (i) c = 0.1 mm and (ii, iii) c = 0.02 mm. Rapid surface recombination is assumed at x = 0 and x = d, which is typical for Si wafers.
Once considering polarizer structures, we choose the grating period to be smaller than the MM wave radiation wavelength. The parameters above satisfy this condition in the frequency band of f = 10−150 GHz considered below. The recombination length L is chosen to be small as compared to the grating period p so that electron-hole diffusion could not smear out the photoconductivity profile. At the same time, the recombination length is not too small so that significant photoconductivity contrast and, therefore, sufficient magnitude of the effects could be observed at moderate light intensity.
Light absorption in a Si wafer is specified by the frequency-dependent absorption length l(ν), the quantum flux spectral density q(ν) of the light source, and the light power reflection coefficient at the semiconductor surface r(ν) where ν is the light frequency. The quantum yield of the light absorption is assumed to be η = 1. The light absorption length l(ν) is a well-known tabulated quantity [24] . The quantum flux spectral density q(ν) is found from the power spectra of light emitting diodes (LEDs), which are considered as the typical light sources in this problem. Finally, the reflection coefficient r(ν) is found using the refractive index of Silicon, which is also a well tabulated quantity [24] .
Simulations of gratings and wave propagation are made using the FlexPDE software version 7.09. Simulations are organized in two stages.
At the first stage, photoconductivity profiles of the photo-excited gratings have been computed at the given kind of illumination and the fixed value of the total light power flux P L . The latter is chosen to be the same for all cases so as to be used as a reference value in further simulations. At the second stage, MM wave propagation through the semiconductor slab with photo-excited gratings has been computed. Various cases of light intensity, kinds of gratings, and the incident MM wave polarization have been considered. Normal incidence of the linearly polarized uniform plane MM wave on the front semiconductor surface (x = 0) is specified. The cases of E and H polarization have been considered when either the electric E field or the magnetic H field of the incident wave is parallel to the grating strips, respectively.
The grating strips are aligned along the z axis in the Cartesian frame as used in the grating profile simulations, see Fig. 1 . So, the E polarization is the case when the incident wave is defined by the E z component, which is the only non-zero E field component of the incident wave. Similarly, the H polarization is specified by the only H z component of the H field of the incident wave.
The quantities of interest in the MM wave propagation are the power transmission, reflection, and absorption coefficients (P t = |S 21 | 2 , P r = |S 11 | 2 , and P a = 1 − P t − P r , respectively, where S 21 and S 11 are the relevant scattering matrix coefficients) and the polarization ratio of transmitted and reflected waves, all computed as the functions of the MM wave frequency.
Simulation of Photoconductivity Profiles of Photo-Excited Gratings
The reference grating profiles were computed at the light power flux P L = 0.1 kW/cm 2 . The maxima of electron density n, photoconductivity σ, dielectric loss tangent tan(δ), and the minima of skin depth l s for MM waves at 100 GHz as found for gratings (i), (ii), and (iii) at this illumination, are n = (4; 3; 2.45)10 16 1/cm 3 , σ = (1.24; 0.95; 0.76) kS/m, tan(δ) = (19; 14; 12), and l s = (45; 51; 57) µm, respectively (the dark-state parameters are σ = 3 mS/m and tan(δ) = 10 −4 ). We use the electron-hole diffusion equation [25] presented in the form
where n = n 0 + δn is the electron density in a semiconductor under illumination, n 0 is the dark-state electron density, δn is the excess density of non-equilibrium electrons created by photo-excitation, L = √ Dτ is the ambipolar diffusion length, D = 2D n D p /(D n + D p ), D n and D p are the electron and hole diffusion coefficients, τ is the electronhole recombination lifetime, and G(x, y) is the term describing the generation of the electron-hole pairs by the light flux.
Using the quantities defined above, the term G(x, y) is computed as follows
where g(y) describes the light intensity profile as defined by the shadowing mask with grating slots on the semiconductor surface presented in Fig. 1 and g(x) defines the electronhole generation rate as a function of x when created by the incident light of the given spectral density and the total power flux P L ,
The integral is taken over the range of frequencies specific for a given light source, of which we consider the red and the IR LEDs with basic wavelength 630 nm and 1000 nm, respectively. The boundary conditions require n = n 0 at both the front and the rare semiconductor surfaces that corresponds to extremely fast surface recombination as mentioned above. The other boundary conditions are imposed at the side borders of the computation domain where zero electron currents are required due to the symmetry of the domain definition.
Equation (1) describes the ambipolar diffusion of nonequilibrium electrons and holes (photo-excited charge carriers) at the density n and p, respectively, in an undoped high-resistivity semiconductor under the moderate illumination when n, p n i (n i is the intrinsic carrier density), n = p (electron-hole plasma is quasi-neutral), and, at the same time, n N c and p N v where N c and N v are the effective densities of states in the conductive and valence bands, respectively (plasma is classical, non-degenerate).
High-power lasers can produce high-density degenerate electron-hole plasma even in a semiconductor with very short electron-hole recombination lifetime τ and, therefore, small diffusion length L [16] [17] [18] . This case, however, is beyond the scope of this research, since we are interested, specifically, in the effects which are accessible at sufficiently low light intensity.
Simulation of MM Wave Scattering by Photo-Excited Gratings
Using the grating profiles computed above and applying the light power scaling factors, we simulated different cases of MM wave coupling with photo-excited gratings at different levels of light intensity, Figs. 2 -4. A linear growth of photoconductivity with increasing light intensity occurs at light power fluxes up to 10 kW/cm 2 . Up to this power, the electron-hole plasma at the given recombination rate remains non-degenerate, though the growth continues at greater intensities also.
FlexPDE software was used for solving the MM wave propagation and scattering problems. The software is designed for solving partial differential equations (PDE) by the finite element method (FEM) [26] . When applied to electrodynamics, the method requires the wave equation to be presented in a special form.
In this approach, for the automatic compliance with the boundary conditions for tangential components of both the electric and magnetic fields at the semiconductor surfaces, the wave equation should be written in the form
for the E z component in the E polarization problem and
for the H z component in the H polarization case. Here, k 0 = ω/c is the free-space wavenumber, ω = 2πf , c is the free-space speed of light, µ = 1 is the relative permeability of Silicon, and ε = ε(x, y) is the relative permittivity under illumination. The latter is defined as ε = ε r + iε i where ε r is the real part of ε, which is the same as in the dark state, ε i = σ(x, y)/ωε 0 , ε 0 is the absolute free-space permittivity, and σ(x, y) is the conductivity that increases and acquires the grating profile under illumination. The incident MM wave is the uniform plane wave of linear polarization propagating in the positive direction along the x axis. The incident wave is introduced via the boundary condition, which is imposed on either the E z or the H z field component, depending on the polarization, at the front surface x = −X L < 0 of the computation domain. The boundary condition requires the incident wave to enter the computation domain through this surface and propagate towards the semiconductor. At the same time, any waves reflected from the semiconductor should leave the domain with no obstruction.
In a similar way, the radiation condition is formulated at the rare surface of the computation domain x = X R > d. The condition requires that no incoming waves could enter the computation domain through this surface. We choose X L and X R equal to about one wavelength of the MM wave that appears sufficient for the accurate solution of these problems.
The other boundary conditions are imposed on the wave fields at the side borders of the computation domain. The side borders are defined at y = ±Y s in a symmetric manner to include an integer number of grating periods (e.g., two periods in Fig. 1 where Y s = 0.3 mm) . Then, the conditions require that no waves propagate across the side borders and the field components E z and H z , respectively, achieve their extrema.
The simulation results obtained for the transmission, reflection, and absorption spectra of the MM waves of both the E and H polarizations incident on the Si wafers with photo-excited gratings are shown in Figs. 2 -4.
MM wave Polarization with Photo-Excited Gratings
MM wave propagation is computed for wafers with gratings in the frequency range of f = 10 − 150 GHz. The gratings are of sub-wavelength dimensions at these frequencies. They are of interest for the analysis of light-controlled polarization devices for MM waves. Figs. 5 and 6 present the polarizing efficiency of the gratings specified above. The polarizing efficiency can be evaluated as the polarization ratio computed with relevant components of transmitted and reflected waves. For gratings with conductive strips parallel to the z axis, it is the quantities H z /E z for transmitted waves and E z /H z for reflected waves that represent the polarizing efficiency, being large for good polarizers.
Simulations show that photo-excited gratings, indeed, can operate as the light-controlled polarizers, whose polarizing efficiency grows with increasing light intensity. Of the however, low, which is explained by significant reflection of MM waves of all polarizations straight from the semiconductor surface.
A specific feature of grating polarizers in a resonant slab is that all of them and, most of all, the strip-like and the wire-like gratings, Fig. 5 (a) and (b) , show a noticeable drop of polarizing efficiency in transmission at certain resonant frequencies. The effect is explained by the resonant transmission of MM waves through a Si wafer. In Figs. 2 and 5, the resonant transmission frequencies under illumination are f 1 ≈ 40 − 50 GHz and f 2 ≈ 130 GHz. For comparison, in a Si wafer with no grating, the resonant frequencies are f 0 ≈ 90 GHz in the dark and, similarly, f 1 ≈ 45 GHz and f 2 ≈ 130 GHz under illumination (Fig. 7) . A similar effect occurs in the 0.25 mm wafer at twice the frequencies.
The effect is explained by the change of refractive index in photoconductive domains under illumination and related re-distribution of the MM wave field inside the wafer. For an explanation, we should compare the skin-depth in photoconductive domains (l s > 50 µm at P L = 0.1 kW/cm 2 ) and the size of the domains defined, essentially, by the electron-hole diffusion length and the grating dimensions (L ∼ c ∼ 20 µm, while the light absorption length is only l ∼ 3 µm for the red light).
We can see that MM waves can easily penetrate into the photoconductive domains under the given illumination. At the same time, photoconductivity σ and, therefore, ε i in the domains is already quite large (ε i /ε r > 20 at f = 100 GHz and P L > 0.1 kW/cm 2 ) so that the refractive indexñ for MM waves increases (ñ = Re(
as compared to the dark-state value (ñ 0 ≈ 3).
As a result of these relationships, the effective wafer thickness in terms of the number of wavelengths of MM waves increases with illumination, that makes the halfwavelength transparency to appear at the lower frequencies. The effect is clearly seen in Figs. 2 and 3, (a) and (b) , for the H polarized waves (curves 4 to 6 as compared to the dark-state curve 7). This is the case of accepted polarization when the gratings are more transparent.
At higher light intensity, photoconductive domains would become less accessible for MM waves, thus, making the other domains, where the MM wave field is confined, to be smaller. Then, the resonant transparency bands would start shifting towards the higher frequencies. This effect is already visible for the waves of E polarization, see Figs. 2 and 3, (a) and (b), curves 1 to 3. This is the case of rejected polarization when the gratings are less transparent.
The effect of half-wavelength transparency leads to the decrease of polarizing efficiency of photo-excited gratings at the resonant frequencies. This happens because, due to the resonant constructive interference, the structure becomes transparent even for the waves of rejected polarization. At the same time, away from the half-wavelength resonant frequency, photo-excited gratings show quite good polarizing efficiency even at the moderate level of light intensity. The best performance is achieved with fin-like gratings which, due to the significant length of light absorption for 1000 nm IR radiation, l = 156 µm, extend across the entire Si wafer and provide strong coupling with MM waves of the relevant polarization.
The resonant half-wavelength decrease of polarizing efficiency in transmission is the same effect as observed in dual-layer wire-grid polarizers [27] . Away from these fre- 2 ) photo-excited gratings (curves 1 to 3, respectively).
quencies, however, the polarizing efficiency of dual grids is squared (doubled in decibels) as compared to the case of a single grid. We suppose that, in our fin-like gratings, an enhanced efficiency in transmission observed away from the resonant frequencies is also, partially, related to this effect.
The use of sufficient light intensity is also an important condition. When using extremely high intensity as in [12] 2 ) photo-excited gratings (curves 1 to 3, respectively).
at the very small diffusion length L, one can achieve a high contrast of photoconductivity, sharp transition from lossless intrinsic semiconductor domains to also lossless highconductivity wires, and minimal losses in the narrow shells of moderate conductivity around wires. At the low illumination, however, one still has to make sure that illumination is sufficient and the recombination length is small. This is required for making the fin core domains sufficiently conductive (for the the wave scattering to be essential) and the fin shell domains reasonably thin (for absorption to remain minimal).
Conclusions
We investigated the functionality of photoconductive gratings in a semiconductor slab as light-controlled polarizers for MM waves. We performed numerical simulations of three characteristic kinds of such grating, which are the strip-like, the wire-like, and the fin-like gratings. The kind of gratings depends on the geometry of the opaque dielectric grid mask on the semiconductor surface, electron-hole diffusion length in a semiconductor, and the absorption length of the incident light exciting the gratings.
Simulations of photoconductive gratings in a semiconductor wafer of a resonant half-wavelength thickness transparent for MM waves have shown a possibility of making light-controlled MM wave polarizers at the moderate light intensity of, e.g., P L = 0.1 − 10 kW/cm 2 that can be achieved with various light sources including, in particular, red light and IR radiation LED arrays. At the same time, the simulations revealed some special effects such as the light-sensitive shift of maxima of transmitted power and polarizing efficiency of structures towards the lower frequency band as compared to wafers with no gratings in the dark state. The effect occurs due to the increase of refractive index in photoconductive domains so that the imaginary part ε i of the complex dielectric constant is getting greater than the real part ε r . Then, the refractive index increase along with conductivity and, therefore, along with the light intensity.
The frequency shift is proportional to the degree of coupling between MM waves and gratings, which is greater for both the E polarized waves and the fin-like gratings. Once the coupling has a complicated dependence on the grating profile and the light intensity, the shift would vary with the light intensity and may reverse under strong illumination, when MM waves do not penetrate anymore into conducting strips (this happens with increasing illumination in striplike and wire-like gratings, see curve 3 in Fig. 5, a) .
The light-dependent spectral shift of the peak efficiency of photo-excited gratings makes them not so suitable for the application in the fixed-spectrum devices (except for the fin-like gratings at low illumination, whose spectrum is reasonably stable while the functionality is sufficient). On the contrary, the same effect makes photoconductive gratings and similar kinds of photo-excited conductivity patterns potentially suitable for the design of light-controlled frequency-tuning and frequency-modulating components of resonant quasi-optical devices.
